We have constructed a magneto-optical trap for chromium atoms. Using trapping light at 425 nm and two repumping lasers tuned to intercombination transitions, over 10 6 atoms were trapped and average densities of over 10 16 m −3 were obtained. Non-exponential loss of atoms is observed at high densities indicating inelastic collisions between trapped atoms. Over a range of trapping conditions, the density-dependent trap loss rate constant β is extracted from fluorescence decay curves and found to have values in the range of 10 −15 m 3 s −1 , much larger than is observed in alkali traps. For the majority of atoms in the periodic table, including chromium, effective laser cooling and trapping is more difficult than it is for alkalis because of a lack of a closed optical-cycling transition. When these atoms are excited by absorption of a laser photon they can relax via one or more decay channels to non-resonant final states, thereby shutting down the laser cooling/trapping process.
. Despite their weak transition probabilities, these repumping transitions are easily saturated with relatively small laser intensities, facilitating rapid return of the atoms to the laser cooling/trapping process. It should be noted that repumping via the 7 P 4 excited state has also recently been used to successfully trap chromium atoms in a MOT [7] .
As shown by the schematic in Fig. 2 , our experimental set-up includes an ionpumped vacuum chamber and a laser system consisting of two frequency-stabilized dye lasers and two single-frequency laser diodes. The dye lasers are used for slowing and trapping while the laser diodes provide the optical repumping frequencies. Each of the dye lasers produces up to 250 mW of light near 425 nm, using stilbene-3 laser dye, pumped with 4 W of all-lines, UV argon-ion laser light. In order to provide stable laser cooling and trapping, the dye laser wavelengths are locked to the principal Cr resonance transition using an atom-beam locking technique (discussed briefly below). As indicated in the figure, the output of one of the dye lasers is split up and appropriately polarized to resubmitted to Phys. Rev. A November 24, 1999 4 form the magneto-optical trap [8] . The output of a second dye laser is frequency-chirped and directed to counter-propagate with the atom beam, thereby slowing atoms so that they may be loaded into the MOT.
The trap is located in the center of a six-way cross vacuum chamber with typical operating pressure 3 × 10 -6 Pa (2 × 10 -8 Torr). To help form a MOT, a pair of currentcarrying, water-cooled, copper-tube coils are wrapped around opposite 100 mm diameter arms of the vacuum chamber cross. These coils produce a spherical-quadrupole magnetic field that has its zero located near the center of the chamber and axial and radial gradients of 0.18 T/m and 0.09 T/m, respectively (for a coil current of 33 A). To cool and confine the atoms, three nearly-orthogonal retro-reflected laser beams, nominally Gaussian with 8 mm 1/e 2 diameter, overlap with the magnetic field zero. The axial MOT laser beam (parallel to the magnetic field symmetry axis) is split off from the main laser beam, with the remaining light divided nearly equally for the two radial trap beams. For the work described in this paper, the axial beam was approximately a factor of three less intense than each of the radial trap beams. This ratio was chosen because it resulted in a nearly spherical cloud of trapped atoms.
We have two methods for supplying atoms to the trap. Our initial studies [9] were achieved by loading atoms into the MOT from a resistively heated Cr-plated filament located approximately 30 mm from the trapping region. Loading the MOT with such a source is attractive since it is so simple. The filaments are readily made by electroplating
Cr out of a chromate solution onto tungsten wires [10] . Loading the MOT from the hot filaments facilitated our rapid initial exploration of chromium trapping, without the additional complication of producing and slowing an atomic beam. Unfortunately, as an resubmitted to Phys. Rev. A November 24, 1999 atom beam source for a MOT, the chromium filaments have several limitations: (i) they suffer from relatively poor atom flux stability, a result of Cr-plating irregularities, and (ii) they produce short trap lifetimes due to increased background gas densities from outgassing generated by the high temperatures. Despite these problems, the filaments prove to be a very reliable and helpful diagnostic tool.
To provide a steadier source of slow atoms, we chirp-cool an atomic beam from a commercial high-temperature cell. (1/e 2 ) at the chamber window and is focused on the oven aperture.
To provide stable trap loading conditions, drift of the slowing laser's frequency is eliminated via an electronic servo loop. This servo is a gated electronic integrator that detects and compensates for laser frequency drift during periodic interruptions of the resubmitted to Phys. Rev. A November 24, 1999 6 laser frequency modulation, when the laser is temporarily returned to the Cr resonance.
For both of the dye lasers in this experiment, wavelength stabilization is achieved by splitting off a weak probe beam from the laser to be locked and by intersecting this probe with an atomic beam at right angles. Laser frequency drift is detected from spatial variations in the resulting fluorescence, facilitated by imaging the crossed beam fluorescence onto a split-photodiode [12] .
For optical repumping of the trapped atoms, two ∼1 mW laser beams from singlefrequency commercial laser diodes are focused to approximately 1 mm 1/e 2 diameter and aimed to overlap with the trapped atom cloud profile. The initial coarse frequency tuning of these lasers is accomplished by passing the laser beams through an iodine vapor cell and by comparison of observed laser absorption peaks with published tabulated spectra [13] . This gets each laser within ~100 MHz of the desired Cr resonance. Each laser frequency is then fine-adjusted to maximize the fluorescence in the Cr MOT. Once the optimal frequencies are obtained, the two laser diode frequencies are stabilized by an electronic servo, using a scanning-etalon lock technique [14] . The scanned etalon is itself stabilized by reference to a commercial, wavelength-stabilized, helium-neon laser.
The total number and density of trapped atoms in the MOT are estimated from the measured size and brightness of the atom cloud. This is done by imaging the atom cloud by its fluorescence onto a charge-coupled-device (CCD) camera and also onto a calibrated photodiode. From the camera images, we found that the atom cloud density distribution was approximately Gaussian and that the distribution width varied strongly with the MOT parameters.
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We obtain an estimate of the total number of atoms N from the photodiode signal P via the equation N = P/(εR), where ε accounts for the light-to-signal conversion ratio and the light collection efficiency, and R gives the estimated average rate for spontaneous emission of photons per atom. We determine ε from transmission measurements on our collection optics, estimates of the acceptance solid angle, and our detector calibration factor. R is calculated from the expression R = ½ ΓS/(1+S+4∆ 2 ), where S = I/(ηI S ), I is the total trap laser beam intensity (all six beams combined), ∆ is our measured trap laser detuning divided by Γ, and ηI S is the increased saturation intensity appropriate to atoms in the MOT. For this estimate we take η = 2.3, a value obtained by averaging ClebschGordan coefficients, assuming equal populations in all of the ground state magnetic spin states for atoms in the trap and considering the mixture of polarizations of the trap laser beams [15] .
We estimate the average density of atoms n av in the MOT by assuming that the cloud of atoms has an isotropic Gaussian distribution. We write the density as , ) ( 
where w is the 1/e radius of the cloud. The average density is then obtained by multiplying the probability of an atom being at a location r by the density at that location and integrating over all space:
where we define the effective volume
The cloud radius w is extracted from measurements on the CCD images. Since these represent a two-dimensional projection of the three-dimensional cloud, they can be resubmitted to Phys. Rev. A November 24, 1999 8 used to obtain size information through determination of the half-maximum area A HM , defined as the area of the image in which the intensity is greater than half the maximum.
For a Gaussian distribution, the 1/e radius w is related to A HM via
Combining eqs. (2) and (3) The repumping lasers were tuned and locked at values that gave a maximum of trap fluorescence and trapped atom number. We found that the optimal frequencies for the repumping lasers did not need to be adjusted as the other trap parameters were varied.
By attenuating each of the laser diodes, we verified that there was sufficient laser intensity to saturate the trap fluorescence; the repumping action did not decrease for small reductions of each repumper laser intensity.
Our reported measurements of number and density have two sources of uncertainty. First, there is an overall scale factor uncertainty, which we estimate to be approximately ±30 % for the number of atoms and ±45 % for the density. For the number of atoms, this is dominated by the uncertainties in the spontaneous emission rate [15] and the fluorescence collection efficiency. For the density, there is an additional uncertainty introduced by our lack of knowledge of the exact density distribution. To determine the trapping lifetime, each of these data sets was fit with a decaying exponential. For the data in Fig. 5(a) a good fit to a single exponential with a lifetime of (0.4±0.04) s was found (shown by the solid line). To obtain a similar good fit for the data in Fig. 5 (b) (shown by the solid line), we found it necessary to exclude data for times before 500 ms because of the initial fast decrease. Examining all data sets, we found that if data prior to 500 ms is excluded from the fit, a single exponential decay provides a good fit and a consistent lifetime across all data sets. This lifetime is consistent with background-gas-collision-limited lifetime given the base pressure of 3 × 10 -6 Pa (2 × 10 -8
Torr). We verified this by introducing a partial pressure of H 2 (the dominant background gas) and observing a linear increase in the loss rate.
The fast initial decay of Fig 5(b) is highly suggestive of a density-dependent trap loss. To investigate this, we consider our decay measurements as a function of intensity and detuning in the framework of a model with a collisional trap-loss rate constant β. We write the time derivative for the number of trapped atoms as
where N and n are the number and density of atoms in the trap, respectively, γ is a constant that accounts for trap loss due to collisions of trapped atoms with background gas, and dV is a differential volume element. We simplify this model by assuming that the shape of the atom density distribution is Gaussian and independent of time, allowing us to write ∫ = V N dV n / 2 2 . In this case the time dependence of N has the analytic solution [17] ( ) 
where N 0 is the atom number at t = 0.
Eq. (6) can be used to extract the trap-loss rate constant β from the fluorescence decay data sets. Fixing the appropriate value of γ (as determined from the singleexponential fit to the data after 500 ms), the quantity V N / 0 β can be obtained as a free parameter in a fit of eq. (6) (6) and (7), that are estimated from the effect of the uncertainty in γ on the determination of β. Further, we estimate an overall scale factor uncertainty of ±40 %, which arises from the trap model approximations and the scale factor uncertainty for N 0 .
The main conclusion from these fits to the decay data is that collisions between Cr atoms can explain the observed initial strong decay of the dense trapped samples and that this density dependent loss strongly limits the number of trapped atoms obtained in our conventional MOT [18] . Since collisional loss processes are generally very complex phenomena [19] , it is difficult to attribute the losses to any one process without further experimental investigation. We can say, however, that the dependencies of β on the trap The discovery of such a large density-dependent loss rate for chromium has significant implications for its future application in atom optical experiments. The results reported here strongly motivate more detailed experimental and theoretical study of chromium collisions. In addition, trapped Cr can be rapidly pumped into one or more metastable states, in order to study their collisional properties and/or to use these atoms for atom deposition and surface growth studies or other applications. 
